ABSTRACT
INTRODUCTION
The principal problem facing the designer of radiation-hardened fiber optic data links is associated with the significant optical losses which can be generated in the optical waveguide during and following exposure to ionizing radiation. The spectral nature and magnitude of these losses as a function of radiation environment have been characterized for most state-of-the-art optical fibers. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Diagram of experimental set-up for luminescent lifetime and photobleaching measurements using pulsed ruby laser.
thermal annealing of the optical damage does take place at room temperature. However, the recovery process can often be accelerated by the optical depletion of defect level states. In the latter approach, trapped electrons and holes are excited into the conduction or valence bands and recombine directly or are retrapped at a different site within the glass matrix. By the proper choice of the bleaching wavelength XB and the light intensity IB, the photobleaching can be optimized for a given optical material in a specific spectral region. For optical links employing GaAs light sources, it is of interest to maximize the photobleaching process in the 0.8 to 0.9 plm range. By the measurement of the spectral character and the intensity of the photoluminescence which accompanies the optical bleaching process and by the determination of the excitation spectral response curve, it is also possible to acquire addition information relative to the basic mechanisms governing the annealing of defects in the glass matrix. Ultimately, it is desirable to obtain data over a range of ambient temperatures, bleaching wavelengths and light intensities. Correlation with other spectroscopic techniques useful in color center identification is also of interest. Electron spin resonance studies on optical fibers subjected to photobleaching conditions are presently being initiated in our laboratory in an effort to provide such a correlation with the type of data presented here. Prior to the analysis of the results of the optical bleaching experiments, it is useful to consider the conditions under which the experiments are conducted.
An optical fiber waveguide provides an ideal geometry for utilization of the photobleaching approach since the light launched at one end will propagate and interact over an extended pathlength. To be effective, the bleach light wavelength XB must overlap strongly the characteristic radiation-induced absorption spectrum. Operationally the bleach light and the transmission signal can be totally separate but may in fact under certain conditions coincide. It is also obvious that the preirradiation, intrinsic loss of the fiber at the bleach wavelength provides a constraint on the amount of light which can be transmitted over a given length. This limitation generally makes this approach to radiation hardening most attractive for shorter length applications. It might be noted, however, that optical losses of as-drawn fibers have been reduced to levels below 0.2 dB/km at longer wavelengths so that the photobleaching range will be greatly extended for such fibers if the process can be demonstrated to take place.
The most basic question to be resolved initially is the determination of the effect of a propagating low level transmission signal on the measured radiation losses of a fiber. Since the characteristic radiation response of optical waveguides is governed by glass composition and doping level, the susceptibility of fibers to photobleaching can be expected to vary with the type of fiber selected. The two principal optical materials of interest in present generation fiber waveguides are high purity synthetic silica and selectively doped silica with germanium, phosphorous, and boron representing the primary dopants of interest. This paper will therefore focus on the relative responses of these waveguides to the photobleaching approach, and will describe the degree of radiation hardening which can be achieved in both classes of fibers.
MEASUREMENTS
Optical fibers were irradiation in situ in a 60Co pool at dose rates ranging from 100 to 1.2 x 104 rads (Si) /min. Irradiation were performed with varying light intensities passing through the fiber either during or following the exposure. The lengths of fiber exposed ranged from 10 to 30 meters in order to provide losses of a few dB at the maximum exposure. Room temperature darkening of fibers was established in the absence of light by occasional 1 sec measurements with minimum intensity levels using a tungsten source monochromator combination to inject into the fiber. The use of photobleaching to accelerate the fading of radiationinduced attenuation following exposure was investigated at X = 0.85 pm using a Laser Diode Laboratories LCW-lOF laser diode for intensities ranging from 0.01 to 2.0 mW. All experiments were conducted at room temperature. Power levels were monitored at the terminus of the fibers and therefore are more accurately the minimum level present in the waveguide.
The effect of high intensity pulsed laser exposure on the induced loss was also investigated. This technique also permitted spectral measurements of the photoluminescence which accompanied the photobleaching in both silica and doped silica core fibers. The basic apparatus for emission measurements is shown schematically in Fig. la and lb. The pulsed measurements were conducted using a ruby laser operating at 0.694 pn.
Through the use of a second harmonic generator at the output of the laser, it was also possible to launch light pulses at 0.347 pim. This permitted strong coupling into the fundamental absorption bands of both pure and doped silicas. Time resolution of the measurements was limited by the 20 psec pulse width of the laser. Transmission of the fiber was monitored at 0.82 pm with a cut-off filter being used to protect the photodetector from the bleach signal. A variety of irradiation pure silica and doped silica fibers have been evaluated by the pulsed laser technique. It was demonstrated that even the most stable damage such as found in irradiated SiO2 (Ge, P, B) core fibers was bleachable by the 0.694 pulsed signal. However, it appears that a certain fraction of the damage is not responsive to monochromatic bleaching regardless of intensity. In addition, it was observed that the use of the doubled ultra-violet pulse in most fibers actually increases the absorption measured at 0.82 pm.
The basic mechanisms responsible for these effects will be discussed later in the paper.
RESULTS AND DISCUSSION

CW Bleaching
In order to understand the basic effects of photobleaching on the present and future radiation hardness of optical fibers, it is essential to consider the spectral character of the radiation-induced attenuation curves in typical state-of-the-art fibers. These data are shown in Fig. 2 . Note that although the presence of absorption peaks tend to occur near 0.60 to 0.70 nm, most first generation systems employ GaAs LEDs or lasers as light sources in the 0.80 to 0.85 pm range. This paper has therefore focused on photobleaching effects in the range of interest for present systems. Future fiber optic links will most certainly be operating in the 1.2 to 1.6 pm range and photobleaching effects in this spectral range are an attractive subject for future research.
Early work in the photobleaching research on fibers tended to demonstrate that pure silica core materials were readily affected by even modest light levels passing through the waveguide either during or following the exposure. Titchmarshl first observed such effects on low OH content silica core fibers exposed to either a tungsten source or a LED operating at 0.85 pm. Dianov Fig. 3 . Although the optical power levels in these experiments were somewhat uncertain, the results dramatically demonstrate the ability of the optical bleaching approach to reduce radiation induced attenuation levels in fiber optic data links. In the high OH synthetic core fiber fabricated from Suprasil 2, the absorption band near 0.60 pim is reduced both by tungsten and helium neon light launched into the fiber (See Fig.  3 ). The time dependence of the recovery of the fiber during tungsten bleaching is shown in Fig. 4 . The data in Fig. 3 clearly shows the ability of a tungsten light source to bleach out an absorption band near 0.7 pm while having a lesser effect on a higher energy band below 0.5 tim. These data demonstrate some of the limitations of the photobleaching approach. Not all color center bands will respond to optical bleaching and at any given wavelength; the radiation induced attenuation typically is composed of contributions of several different centers, some of which may respond to light exposure and some of which may not. Questions also arise as to the most efficient manner to couple the excitation into the color center bands. For example, does one employ a broad spectral source which overlaps a large portion of a defect center band or a more intense, spectrally narrow laser in the region of interest for optical data transmission? The answers to such questions require more precise and controlled experiments than those conducted initially to demonstrate the existence of the photobleaching effect.
It should be kept in mind that the basic objective of the photobleaching technique is to provide an "extrinsic" approach1 to the increase of the operational radiation hardness of a fiber data link. Recent progress in this context is demonstrated in Fig. 5 which compares the radiation induced loss at 0.85 pm in Fig. 6 was exposed for 20 seconds in the dark to a given dose and then subjected in separate experiments to varying intensity photobleach signals. The photobleach wavelength \B and the signal wavelength XS were both 0.85 pm. This is the simplest case to consider experimentally and the most attractive from a system's point of view; namely, the use of the signal generated by a LED or laser diode both to transmit data and to accomplish the photobleaching. Fig. 6 shows the effect of transmitted signal power on the measured optical losses of silica core fibers for various times following exposure to a 3700 rad dose. Note The ability to rapidly photobleach radiationinduced damage is an important systems' consideration. This work is the first report of the use of pulsed laser excitation to evaluate optical bleaching in fibers. Since a pulsed laser source was not available at X=0.85 pm, a ruby laser operating at 0.694 vm was selected since it was desirable to couple into the 0.60 to 0.70 im absorption bands dominant in irradiated silica cor fibers as shown ini Figs. 3 and 4. In addition, by the deployment of a second harmonic generator in series with the laser, it was possible to launch 0.347 pm light into fibers which would strongly couple into the absorption bands of the doped silica fibers. It was hoped that both the increased intensity as well as the more efficient coupling would result in more effective photobleaching in the doped silica.
One interesting phenomenon in the conduct of the pulsed laser experiments was the observation of light emission emanating from an irradiated section of fiber during the photobleaching process. It was originally thought that the emission might be due to increased scattering in the waveguide. However, an experiment to compare the lifetime of the emission with the pulsewidth of the laser (Fig. lb) Fig. 9 Spectral characteristic of the photoluuainesence generated by doubled ruby laser excitation (.347 pm) in a Hereaus fluorosilicate clad silica. A silicon reticon was used to detect the emission. The laser pulsewidth was 20 nsec and the emission lifetime was characterized by two exponential components of 2 psec and 18 vsec.
at longer wavelengths while reducing absorption in the near ultraviolet. These data while only preliminary, have established that pulsed photobleaching is achievable in irradiated fibers and have provided additional emission data which is valuable in attempting to investigate the nature of the photobleaching process in silica.
A comprehensive study of the photoluminescence by two of the authorsl5 on both fibers and irradiated and selectively doped silicas and silicate glasses concluded that the dominant emission band near 0.65 pm is intrinsic to defects in the Si-O network, specifically, dangling non-bridging oxygen ions which can be generated by irradiation, fiber drawing or by the introduction of network modifying ions such as alkali into the silica glass matrix. This radiative recombination site appears to dominate all others in the irradiated fibers. Regardless of the excitation wavelength in the visible and ultraviolet, a strong red emission is typically observed. Since many different absorption bands are present, the emission is not associated with an excited state to ground radiative recombination within a specific defect or impurity ion but rather seems to imply a charge transfer or migration of electrons or holes out of the depopulated center to the non-bridging oxygen site. In the pure silica fibers, the absorption bands in the 0.60 to 0.70 pm range have traditionally been associated with non-briding oxygen defects also and the spectral data in Figs. 3 and 4 clearly demonstrate that it is these bands which are most susceptible to optical bleaching. Fig. 10 Photoluminescence spectra for some representative optical fibers measured at room temperature 24 hours after exposure to a 106 rad(Si) 60Co gamma irradiation using the apparatus described in Fig. la . percent concentrations into the silica and damage is typically dictated by these dopants. For example, the introduction of germanium into the glass produces strong absorption of the shorter wavelengths which tails into the infrared and typically dominates the non-bridging oxygen absorption bands seen in the pure silicas. This absorption has been related to electrons trapped on dangling germanium orbitals projecting into oxygen vacancies.18 Similar types of defects have been observed in boron19 and phosphorous doped silicas. Thus, although the contribution of a specific absorption band may still be present in a doped silica fiber, the presence of additional spectral contributions must also be considered. This places a limitation on the percentage of damage which can be annealed at any given wavelength since a redistribution may increase certain bands while increasing others. The presence of the photoluminescence in the doped silica fibers suggest that the non-bridging oxygen related damage in these fibers is being annealed but that the more stable deeper trap sites associated with the dopants still remain and preclude a highly efficient photobleaching process.
A brief final comment will be made on the limitations of the photobleaching approach in long line systems because of intrinsic absorption limitations. This effect certainly can be minimized by use of the lowest loss waveguides available and in the spectral range of 1.3 to 1.5 um. The data in Fig. 2 show that radiation induced losses are also lower in certain fibers in this spectral region than that found near 0.85 pm. Photobleaching experiments using 1.3 pm laser sources are presently planned but have yet to be initiated in our laboratory. However, the problem of attenuation along the waveguide in decreasing photobleaching efficiency suggests that local photobleaching along the fiber could be a useful alternative or supplement.
One possibility for high dose rate environments would be the incorporation of a luminescing ion into the w,aveguide to provide a "self-photobleaching fiber."
This would be most attractive for silica core fibers which tend to be affected by extremely low light levels.
One possible ion for such an approach would be cerium which exhibits a strong blue emission, can change valence to provide radiation protection and which can be photo-activated with light to provide photobleaching.
CONCLUSIONS
The effects of light signals propagating within optical fibers on the magnitude, spectral character and stability of radiation-induced optical absorption have been investigated. It has been demonstrated that even modest optical power levels such as are achievable with present day solid state light sources can be used to substantially increase the operational radiation hardness of a fiber data link. Preliminary pulse measurements have established that very rapid photobleaching can be achieved with sufficiently high intensities and that the process is typically accompanied by a strong photoluminescence. The presence of stable traps associated with index-modifying dopants reduces the efficiency of the photobleaching process compared to pure synthetic silica. The potential for future work in this area is quite readily apparent with work at low temperatures, longer wavelengths and a greater range of light intensities suggested as possibilities. The possibilities of a self photobleaching fiber at high dose rates have also been described.
